Evolutionary transitions in mating system within and between angiosperm taxa are often associated with phenotypic evolution in phenological, life history, and fl oral traits, and the divergence between selfi ng and outcrossing sister taxa has been particularly well documented. Relative to their outcrossing relatives, predominantly selfi ng taxa often exhibit smaller fl owers, shorter styles, lower pollen production and pollen to ovule ratios, lower petal brightness and chroma, reduced herkogamy (i.e., greater proximity between anthers and stigmas), reduced dichogamy (i.e., more synchronous maturity of stigmas and anthers), more rapid fl oral development, greater synchrony of fl ower production within individuals, earlier fl owering, shorter individual fl oral lifespan, or earlier senescence ( Cruden, 1977 ; Cruden and Lyon, 1985 ; Brunet, 1992 ; Eckhart and Geber, 1999 ; Dudley et al., 2007 ; Delesalle et al., 2008 ; Busch and Urban, 2011 ; Andersson, 2012 ; Button et al., 2012 ) .
in their outcrossing sister taxa ( Runions and Geber, 2000 ; Dudley et al., 2007 ) .
In annual species, an accelerated life cycle and/or early fl owering may be advantageous in habitats where plants are consistently exposed to biotic or abiotic threats that intensify over their lifespan. Such threats could include temporal increases in exposure to herbivores, intensifying competition for resources, temporal reductions in light availability, and temporal increases in drought stress due to increasing temperatures, decreasing precipitation, or both (e.g., Aarssen, 2000 ; Stanton et al., 2000 ; Mazer et al., 2010 ) . In the case of seasonally increasing drought stress, rapid growth, fl owering, and fertilization could allow plants to complete their life cycles before the onset of severe late-season drought-a life history and physiological strategy termed drought escape ( Ludlow, 1989 ) . Under such circumstances, autogamous selfi ng could evolve as a result of direct selection on the mating system if self-fertilization reduces the time interval between ovule maturation and seed set as in Aarssen's time limitation hypothesis ( Aarssen, 2000 ; Snell and Aarssen, 2005 ) . Selfi ng might also evolve due to indirect selection on the mating system if direct selection favoring early fl owering and/or smaller fl owers and faster development rates leads to reduced dichogamy and/or herkogamy and thus an increase in autogamous selfi ng ( Guerrant, 1989 ; Aarssen, 2000 ; Mazer et al., 2004 ) .
Regardless of whether selection is direct or indirect, we refer to the proposal that predictable seasonal droughts promote the evolution of selfi ng as a result of selection for an accelerated life cycle or earlier fl owering as the drought escape hypothesis. It provides an alternative (but not mutually exclusive) ecological explanation to the reproductive assurance hypothesis, which proposes that autogamy is directly favored by selection when seed set is limited by a scarcity of mates, pollinators, or both ( Eckert et al., 2006 ) . The latter hypothesis has been supported by empirical studies of numerous species ( Herlihy and Eckert, 2002 ; Kalisz et al., 2004 ; Runquist and Moeller, 2014 ) , although some critical tests of its validity are still needed ( Busch and Delph, 2012 ) .
Selection for an accelerated life cycle or earlier fl owering may be particularly likely in Clarkia (Onagraceae), a genus of winter annuals native to the western United States. In California, Clarkia taxa are generally among the last herbaceous spring wildfl owers to bloom in their communities. These taxa may therefore be particularly vulnerable to drought stress when soils become increasingly dry in April-June. Clarkia contains several pairs of sister taxa in which one taxon is predominantly self-fertilizing, while the other is predominantly insect-pollinated and outcrossing, and evidence from fi eld surveys suggests that mating system differences are associated with differences in habitat. For example, in the southern Sierra Nevada, populations of the highly autogamous C. xantiana subsp. parvifl ora (hereafter, parvifl ora ) and its bee-pollinated outcrossing sister taxon, C. xantiana subsp. xantiana (hereafter, xantiana ) are distributed across an east-west gradient, with parvifl ora occupying the more arid, eastern sites ( Eckhart and Geber, 1999 ; Eckhart et al., 2004 ) . Where these sister taxa occur in sympatry or at similar elevations, parvifl ora consistently fl owers and completes its life cycle earlier than xantiana ( Mazer et al., 2010 ) . The difference in time to fi rst fl owering has also been observed when sister taxa are cultivated in common greenhouse environments, suggesting that the trait is at least partly under genetic control ( Runions and Geber, 2000 ; Dudley et al., 2007 ) . In addition, Dudley et al. (2007) found that, among greenhouseraised maternal families of xantiana , early-fl owering families exhibited faster-developing fl owers, which in turn exhibited lower protandry than late-fl owering families, consistent with the hypothesis that selection on life history and fl oral traits that accelerate developmental rate might also enhance autogamous selfi ng. Clarkia taxa therefore provide an opportunity to examine the process and outcome of natural selection on traits affecting both life history and mating system in the context of seasonal drought.
In this study, we examined both seasonal and interannual variation in environmental conditions and in a variety of physiological traits associated with, or potentially infl uenced by, drought stress in multiple xantiana populations. Physiological traits measured were: predawn water potential, leaf isotopic carbon acquisition ( δ 13 C), antioxidant enzyme activity (ascorbate peroxidase and glutathione reductase), leaf gas exchange rates, instantaneous water-use effi ciency (WUE), and chlorophyll fl uorescence parameters ( Φ PSII and F v / F m ). Table 1 ( Chaves et al., 2003 ; Aroca, 2012 ) . In natural populations of herbaceous species, responses to drought stress are context dependent, yet plants whose growing season ends before the onset of drought are likely to have phenotypes characteristic of a drought escape strategy: rapid growth, early fl owering, and high photosynthetic capacity ( Kooyers, 2015 ) . In contrast, annuals that are likely to experience seasonal drought during their growing season commonly show a dehydration avoidance strategy-preventing tissue dehydration during drought conditions through stomatal closure and maintaining a high water-use effi ciency ( Ludlow, 1989 ; Chaves et al., 2003 ; Kooyers, 2015 ) . Drought has direct effects on photosynthesis and cell growth due to decreased CO 2 availability when stomata are closed as well as indirect effects due to drought induced increases in oxidative stress ( de Carvalho, 2008 ; Chaves et al., 2009 ). Thus, a critical component of plant defense against drought is the plant antioxidant system, which functions to detoxify reactive oxygen ( Hern á ndez et al., 2012 ) . Increases in the activity of antioxidant enzymes in response to drought have been observed in a variety of species and conditions ( Reddy et al., 2004 ; de Carvalho, 2008 ), yet few studies have investigated whether the concentrations of these enzymes vary in response to drought in natural populations of herbaceous annuals. We investigate this possibility in multiple populations of C. xantiana in the present study.
A related goal was to assess whether the physiological changes we observed represented plastic responses to environmental conditions, rather than age-dependent developmental changes that are associated with changing conditions. To do this, we took advantage of the substantial differences between our two study years in both seasonal temperature and precipitation. We reasoned that, if plants were responding plastically to environmental conditions, then any differences in measures of drought stress and physiological performance between years (with 2009 being warmer and drier than 2010) would parallel changes in these variables within years (with conditions becoming increasingly warm and dry as the season progressed). By contrast, if the temporal changes in physiological performance that we observed within seasons were age-related (and infl exible), then the physiological changes associated with intensifying water stress within seasons would not necessarily be concordant with those observed between years that differed in moisture availability.
Our ultimate goal was to use the physiological data described above to test two key assumptions of the drought escape hypothesis: (1) that drought-related stress increases seasonally during the reproductive cycle of the plants, and (2) that this seasonal increase in stress leads to changes in physiological performance that likely cause reductions in lifetime fi tness relative to what would be observed in the absence of drought. Testing these assumptions is the fi rst step toward a comprehensive assessment of whether the evolution of autogamous Clarkia taxa (in this particular case, parvifl ora from xantiana ) has been driven at least in part by selection for accelerated reproduction.
MATERIALS AND METHODS
Study system and sampling methods -Clarkia xantiana subsp. xantiana A. Gray is an annual endemic to southern California. Seeds germinate with the onset of autumn or winter rains (usually October-December); plants fl ower in April-May before the onset of early summer drought ( Lewis and Lewis, 1955 ) . Additional details about the subspecies can be found in Mazer et al. (2010) .
This study was conducted in 2009 and 2010, at six sites near Lake Isabella (Kern and Tulare Counties). Sites were chosen based on having a large number of individuals, accessibility, and safety (see Table 2 Each year, before and during fl owering, plants at each site were randomly sampled along three 30-m transects with the constraint that plants selected for sampling bore >3 healthy leaves ~2 cm long. Dates when populations were sampled before fl owering are referred to as "early" sampling periods; dates when populations were sampled during fl owering are referred to as "late" sampling periods. In both years and during each sampling period, 90 plants (a different set of 90 plants during each sampling period) at each site were sampled over several consecutive days (See Appendix S1 for sample sizes and Appendix S2 for sampling dates; see Supplemental Data with the online version of this article). In 2009, the late sampling period began ~17 d after the early sampling period. In 2010, due to cooler and wetter conditions, plants took longer to fl ower and the Late sampling period began ~43 d later.
Comparison of abiotic conditions in 2009 vs. 2010 -To evaluate seasonal climate variables that infl uence drought stress within and between years, we estimated mean monthly minimum and maximum temperatures ( T min and T max , respectively) and monthly total precipitation at the six sampled locations using the PRISM data extractor (PRISM Climate Group, Oregon State University; http://prism.oregonstate.edu/). The data provided by PRISM have a resolution of 4 km; given that our sites were >4 km apart and covered an area of 25 × 20 km, the data were of suffi ciently high resolution to detect variation among sites. The climate years for 2009 and 2010 were defi ned, respectively, as the interval from September 2008-July 2009 and September 2009-July 2010. These 11-mo intervals comprise the period extending from before the onset of autumn rains through plant senescence and seed ripening.
Plant water status -Leaf predawn water potential ( Ψ l, MPa)-At each site and sampling period, we measured predawn water potentials to estimate soil water availability. One leaf was excised from each of 30 plants randomly sampled from the 90 plants per site. Water potential was measured using a pressure chamber (Model 600 Pressure Chamber Instrument, PMS Instruments, Albany, Oregon, USA). In 2009, site GMR was sampled only once (early) due to human disturbance of the site during fl owering.
Carbon isotope ratio ( δ 13 C, ‰)-To assess plant water status over an extended time period, we estimated integrated water-use effi ciency using the carbon stable isotope ratio (e.g., Dawson et al., 2002 ) . The value of δ 13 C increases At each site and during each sampling period, we collected two leaves from each of 30 plants per site (the same plants used to measure predawn Ψ l ) and stored them at room temperature in coin envelopes inside plastic bags containing silica gel. Analyses were performed at the Cornell Stable Isotope Laboratory (http://www.cobsil.com). Because of limited funds, no isotopic analyses were run for the GMR site in 2009 or for the early sampling at the BR site in 2010.
Gas exchange and chlorophyll fl uorescence -At each site and sampling period, instantaneous gas exchange rates, chlorophyll fl uorescence, air temperature, and relative humidity were measured simultaneously using the Li-Cor 6400 and Leaf Chamber Fluorometer, (LiCor, Lincoln, Nebraska, USA). Gas exchange variables included rates of photosynthesis ( A , µmol CO 2 ·m −2 ·s −1 ), conductance ( g , mol H 2 O·m −2 ·s −1 ), transpiration ( E , mol H 2 O·m −2 ·s −1 ), and instantaneous water-use effi ciency (WUE, µmol CO 2 ·mol −1 H 2 O·10 −4 ). The chlorophyll fl uorescence variable Φ PSII ( F / F m ′ ), a measure of the fraction of absorbed excitation energy that is used to drive photochemistry, was recorded concurrently.
Measurements were generally recorded between 10:00 and 12:00 hours, starting ca. 30 min after leaves were exposed to direct sunlight and continuing until either all plants were measured or until photosynthetic and conductance rates dropped dramatically toward zero, presumably due to midday stomatal closure. When the latter occurred, the survey was completed the following morning.
Measurements were conducted on one leaf per plant, which was selected based on size (sampled leaves had to enter the leaf chamber and touch the thermocouple) and condition (no visible evidence of herbivory, fungal infection, or necrosis). Internal chamber settings were: PAR = 1500 µmol·m −2 ·s −1 , fl ow = constant 500 µmol·s −1 , stomatal ratio = 1.0 (equal stomatal density on the upper and lower leaf surfaces), and reference chamber CO 2 concentration = 400 ppm. Most sampled xantiana leaves were narrower than the diameter of the aperture of the LiCor leaf chamber, so photosynthetic rates were recalculated using the actual leaf area held within the chamber following the protocol described in Mazer et al. (2010) .
In addition to the daytime measurements described, all 90 plants were sampled predawn (between 3:00 and 7:30 hours, during which time the ambient PAR never reached >1 µmol·m −2 ·s −1 ) to determine the chlorophyll fl uorescence parameter, F v / F m , which is a measure of the potential maximum effi ciency of photochemistry. Leaves were chosen using the same criteria as for daytime gas exchange measurements.
Antioxidant enzyme activity -In 2010, following the recording of all other physiological traits, several healthy leaves were collected from each of the 30 plants that were previously sampled for isotopic analyses and predawn Ψ l . These leaves were used to estimate the activity of two antioxidant enzymes (ascorbate peroxidase [APX] and glutathione reductase [GR] ) that are important for scavenging reactive oxygen species in plants exposed to excess light (e.g., Asada, 2000 ) . Leaves were immediately placed into aluminum envelopes and frozen in liquid nitrogen, where they were stored for later analysis. Enzyme activity for both GR and APX was determined as a function of leaf fresh mass using a spectrophotometric assay ( Grace and Logan, 1996 ) .
Plant size -To determine the relationship between plant size and estimated individual fi tness within and between each of the two years, we collected whole plants after senescence. Once leaves, fruits and belowground biomass were removed, we measured aboveground stem biomass to the nearest 0.01 g. We counted the number of fruits that matured on each plant and the number of aborted fl owers (based on pedicel sizes), and we counted the number of fi lled seeds and aborted ovules in three randomly chosen fruits. We used this information to obtain several estimates of fi tness: seed mass per seed (mg), the number of mature seeds per fruit, seed set (the proportion of ovules that develop into fi lled seeds), the total number of mature fruits produced on a plant, fruit set (the proportion of fl owers that develop into mature fruits) and a combined estimate of total lifetime fi tness (number of fruits × number of seeds per fruit × seed mass).
Data analysis -Comparison of abiotic conditions in 2009 vs. 2010-
To determine whether abiotic conditions differed between the 2009 and 2010 growing seasons, repeated measures ANOVAs were performed on each dependent variable ( T min , T max and precipitation) to detect signifi cant differences between climate years and among localities.
For all of the plant traits described next, preliminary mixed model ANOVAs and ANCOVAs indicated that the site effects, including their interaction terms, were nonsignifi cant. Thus, data were pooled across sites in the fi nal models (see online Appendix S3 for ANOVA, ANCOVA, and site effect details).
Plant water status-To detect within-season and interannual patterns of variation in plant water status, we conducted two-way ANOVAs on individual plant values. In these ANOVAs, year, sampling period, and year × sampling period were included as fi xed effects. Predawn Ψ l and δ 13 C were the dependent variables.
Gas exchange and chlorophyll fl uorescence variables-To control statistically for the possibility that gas exchange rates and Φ PSII were infl uenced by short-term ambient environmental conditions experienced by plants at the moment that they were sampled, we fi rst performed a principal component analysis of air temperature, relative humidity, and their squares (to account for nonlinear effects). The fi rst principal component (PC1) explained 70.5% of the variation in air temperature and relative humidity, with the former loading positively and the latter negatively (see online Appendix S4 for loading scores). Thus, relatively high PC1 values indicated hotter, drier conditions than low PC1 values. PC1 was included as a covariate in subsequent multivariate analyses conducted to detect sources of variation in the dependent variables A , g , E , WUE, and Φ PSII that were independent of short-term weather conditions.
A full factorial ANCOVA was conducted on each dependent variable with year, sampling period, and year × sampling period as fi xed effects and PC1 as the covariate. For variables in which this model detected signifi cant interactions between the fi xed effects and the covariate, separate linear regressions of the dependent variable on PC1 were performed for each combination of year and sampling period (see Appendix S5). These regressions were then evaluated to determine how plastic responses to rapidly changing environmental conditions depended on year and sampling period. If the year × sampling period interaction was signifi cant, we performed Tukey's honestly signifi cant difference (HSD) tests for all pairwise comparisons.
Because Antioxidant enzyme activity-A one-way fi xed effect ANOVA for each antioxidant was conducted to evaluate the effect of sampling period (early or late) on GR and APX activity.
Plant size-Plant stem mass was compared between years using a one-way ANOVA. Pearson product moment pairwise correlations were calculated for stem mass paired with each fi tness estimate. Traits were transformed as necessary to meet normality assumptions.
All statistical analyses were performed using JMP v 9.0.3 or v 11 (SAS, Cary, North Carolina, USA).
RESULTS

Abiotic conditions in 2009 vs. 2010 -
The repeated ANOVA detected signifi cant differences between climate years with respect to T min , T max , and precipitation ( Table 3 ) . Overall, the period from September 2008 to July 2009 was signifi cantly warmer and drier than September 2009 to July 2010, particularly during the fl owering season ( Table 3 ; Figs. 1, 2 ) . The difference between years, however, was driven by differences only during particular months, as refl ected in the signifi cant month × climate year interaction term ( Table 3 ) . With respect to T min and T max , the difference between years was due largely to the much warmer temperatures in May of 2009 than in 2010; for precipitation, the difference between years was due to the higher rainfall in DecemberFebruary and April of 2010 relative to 2009. Plant water status -In both years of the study, plants experienced intensifying drought across the growing season: predawn Ψ l was less negative in early than in late sampling periods ( Table 4 , Fig. 3A ) , and δ 13 C was more negative early compared with late ( Fig. 3B ) . Plants also experienced signifi cantly drier soils in 2009 than 2010; predawn Ψ l was lower in 2009 than in 2010, and δ 13 C values were less negative early in the season in 2009 than in 2010. However, we also observed a signifi cant year × sampling period interaction for δ 13 C. Plants sampled in 2009 exhibited a negligible increase in δ 13 C values as the season progressed, whereas in 2010 there was a signifi cant seasonal increase in δ 13 C ( Fig. 3B ) ; the strong temporal change in 2010 appears to have driven the overall (cross-year) effect of sampling period on plant water-use effi ciency.
Gas exchange and chlorophyll fl uorescence -Plants exhibited higher gas exchange rates ( A , g , and E ) during early than during late sampling periods, and lower gas exchange rates in 2009 (the drier, hotter year) than in 2010 ( Table 4 , Fig. 4C-E ) . A signifi cant year × sampling period interaction was also observed for each of these traits. Gas exchange rates in 2009 were similar between sampling periods, while in 2010 there was a signifi cant seasonal decline in gas exchange rates between the early and late sampling periods. Instantaneous WUE, the ratio of A to E , refl ected the seasonal changes observed in A , g , and E ( Fig. 3F ) ; A decreased less than E from early to late sampling periods, resulting in the temporal increase in WUE. The lowest values of WUE were observed early in 2010 and increased signifi cantly from early to late. The most conservative water use, however, was observed in 2009, regardless of sampling period.
For the chlorophyll fl uorescence variable Φ PSII, no significant differences between early and late sampling periods were detected in either year. A clear difference, however, was observed between sampled years, with values in 2009 being signifi cantly lower than those measured in 2010 ( Table 4 , Fig. 3G ).
The measure of the maximal photochemical effi ciency in dark-adapted leaves, F v / F m , is often used to assess plant stress, with values >0.8 indicating nonstressful conditions. Values of F v / F m were less than 0.8 during three of the four periods sampled; nonstressful conditions were observed only in the late sampling period of 2010 ( Table 4 Antioxidant enzyme activity -Antioxidant enzyme activities were measured only in 2010. APX activity increased signifi cantly from the early to late sampling periods (respectively, X = 31.6 ± 0.9 SE vs. 36.7 ± 0.9 SE; N = 220), whereas GR activity signifi cantly decreased (respectively, X = 0.07 ± 0.06 SE vs. 1.62 ± 0.07 SE; N = 220) (Appendix S3). Plant size -On average, aboveground stem mass of senescent plants in 2009 was lower than in 2010 (respectively, X = 0.98 g ± 0.04 SE vs. 1.21 g ± 0.04 SE; F 1,1141 = 17.7; P < 0.0001). Stem mass was strongly, positively correlated with all fi tness estimates except for seed mass per seed in 2009, for which the correlation was negative (Appendix S6).
The effect of ambient environmental conditions (principal component 1, PC1) -Air temperature and relative humidity (represented by PC1; see Methods) signifi cantly affected gas exchange parameters ( A , g , E , and WUE) and Φ PSII. The direction and magnitude of the effect of PC1, however, often differed between sampling periods or years ( Table 4 , Fig. 4 ) . Generally, A decreased and stomata closed under hotter, drier conditions. There was a negative effect of PC1 on A and g when pooling data across year and sampling period. In both years, however, there was a signifi cant sampling period × PC1 interaction. Late in the season, A and g both decreased as PC1 increased, while early in the season, g decreased as PC1 increased, but A and PC1 varied independently of PC1.
In contrast to A and g , transpiration ( E ) increased as temperature and aridity increased; there was a positive association between E and PC1 in both years, between sampling periods, and independently of these two effects ( Table 4 , Fig. 4 ) .
As short-term conditions at the time of sampling became hotter and drier (PC1 increased), WUE declined due to both a reduction in A and an increase in E . Both within and between years, WUE consistently decreased as PC1 increased, although the magnitude of the slopes depended on year and sampling period.
The effects of PC1 on Φ PSII were context-specifi c ( Table 4 , Fig. 4 ). In 2009, as PC1 increased (indicating hotter, drier conditions), photochemical effi ciency decreased in both the early and late sampling periods. In 2010, however, there was a positive relationship between Φ PSII and PC1 in the early period but no relationship between the two variables in the late period.
DISCUSSION
Drought is considered to be a major constraint on plant growth, survival, and reproduction ( Chaves et al., 2003 ; Nemani et al., 2003 ) . At the population level, drought stress may impose strong selection favoring early maturity, a compressed life cycle, and accelerated fl oral development ( Dudley et al., 2012 ; Ivey and Carr, 2012 ) . Here, we fi rst characterized the physiological responses of xantiana to seasonal drought and then used this characterization to test two of the assumptions of the drought escape hypothesis.
Physiological responses to seasonal drought -In both 2009 and 2010, conditions generally became less benign as the growing season progressed. Average monthly temperatures increased and average monthly precipitation rates decreased across our six fi eld sites from the time of seed germination to fruit dehiscence ( Figs. 1, 2 ) . These changes caused a signifi cant seasonal decrease in predawn leaf water potentials ( ψ 1 ), indicating lower water availability ( Fig. 3A ) . Concomitantly, stomatal conductances ( g ), transpiration rates ( E ), and photosynthetic rates ( A ) all declined ( Fig. 3D , E, and C , respectively) as the season progressed. However, the pattern of decline differed between years. In 2009, which was signifi cantly hotter and drier than 2010 (particularly during the April-May growing season), all gas exchange variables were relatively low early in the season and decreased only slightly between early and late season measurements. In 2010, these variables were relatively high early in the season and declined markedly over time. Seasonal changes in instantaneous WUE and leaf carbon isotope ratio ( δ 13 C) refl ected the patterns in gas exchange; both measures indicated an increase in water use effi ciency from early to late sampling periods. In 2009, both were relatively high both early and late in the season and did not change signifi cantly over time; in 2010 they were relatively low early in the season and increased signifi cantly as the season progressed ( Fig. 3F, B ) .
Collectively, these data indicate that drought stress increases during the growing season in xantiana populations, although the magnitude of this stress may differ among years. In years when stress increases substantially across the growing season, transpiration, and photosynthetic rates can decline signifi cantly, potentially affecting the availability of nutrients and carbohydrates needed for fruit production. In this study, the relatively hot and dry conditions of the early sampling period in 2009 ( Figs. 1, 2 ) resulted in more negative predawn water potentials and less negative values of δ 13 C than in 2010 ( Fig. 3A, B ) . These relatively severe conditions early in 2009 also resulted in lower gas exchange rates and lower allocation of light toward photochemistry than in early 2010 ( Fig. 3A, G ) . Throughout the season, plants in 2009 exhibited low gas exchange rates and WUE was also higher in 2009 than in 2010 ( Fig. 3F ) . 
Sampling period **** **** **** **** **** * ns **** **** **** Year **** ns ** **** **** **** **** **** PC1 ** * **** **** ns Sampling period × year ns **** **** **** **** **** ns *** Year × PC1 ** **** **** Sampling period × PC1 **** * **** ns *** Sampling period × year × PC1 ns ns ns ** **** Model **** **** **** **** **** **** **** **** **** Notes: For detailed summary statistics associated with the ANOVAs and ANCOVAs, see Appendix S3. Cells with "ns" indicate nonsignifi cant effects ( P > 0.05). Gray cells indicate effects that were not tested in the analysis of a given dependent variable. *0.05 ≥ P > 0.01; **0.01 ≥ P > 0.001; ***0.001 ≥ P > 0.0001; **** P < 0.0001. Fig. 3 . Least-squared means ± 1 SE for physiological traits ( Φ PSII, F v / F m , predawn Ψ l , and δ 13 C) and gas exchange parameters ( A , g , E , and WUE) measured in 2009 and 2010 during early and late sampling periods (abbreviations are given in Table 1 ). Values transformed before analyses were back-transformed for ease of interpretation. Following the detection of a signifi cant sampling period × year effect, different letters associated with mean values within a panel indicate a significant pairwise difference at α = 0.05 using Tukey's HSD. Where the overall means differed signifi cantly between the levels of the fi xed effects (sampling period or year), the relative phenotypic values are indicated in each panel.
The lower photosynthetic rates at the start of the 2009 season (relative to 2010) were refl ected in the stem mass of senescent plants, which was signifi cantly lower in 2009 than in 2010. The positive correlation of fi nal stem mass with several estimates of fi tness (Appendix S6) provides indirect support for a causal relationship between water stress, photosynthetic rate, and fi tness.
Our other measures of physiological performance were only partly congruent with the patterns described. There were no seasonal changes in Φ PSII in either year, which is consistent with studies showing that water stress has little effect on photochemistry and supports the hypothesis that stomatal activity limits photosynthetic rates (e.g., Cornic and Briantais, 1991 ; Epron and Dreyer, 1993 ; Faria et al., 1998 ; Peguero-Pina et al., 2009 ) . Differences in Φ PSII between years, however, were quite marked, suggesting that in 2009 a larger fraction of absorbed light was dissipated thermally, although thermal energy dissipation was not directly measured. The differences in Φ PSII are consistent with other evidence Fig. 4 . Bivariate plots showing the effect of ambient environmental conditions (PC1) on gas-exchange parameters and Φ PSII during early (red fi lled circles and red lines) and late (black fi lled circles and black line) sampling periods. Transformations required to meet normality assumptions for gas exchange variables are indicated in the y -axis label. Each point represents an individual plant. Best-fi t lines are drawn purely for descriptive purposes where there was a signifi cant effect of PC1 on the dependent effect for a given sampling period. See Appendix S5 for slope estimates.
showing that 2009 was a more stressful year for the plants in these populations. The nighttime fl uorescence variable ( F v / F m ), which is often used as an indicator of physiological stress in plants (with lower values indicating higher stress [ Baker, 2008 ] ), decreased signifi cantly across the season in 2009, but increased signifi cantly across the season in 2010. Again, this response is consistent with other studies showing that water stress has limited or unpredictable impacts on photochemical processes during drought conditions ( Cornic et al., 1989 ; Flexas et al., 1998 ) .
Antioxidant enzyme activities were measured only in 2010, so cross-year comparisons could not be made. Interestingly, the activity of APX increased signifi cantly over the season by 14%, while the activity of GR signifi cantly decreased about 31%. Although many studies have shown increases in antioxidant enzyme activity in reaction to drought stress, responses have been shown to vary among enzymes and species (for a review, see de Carvalho, 2008 ) . APX plays a direct role in reactive oxygen scavenging because it functions to convert peroxide to water ( Asada, 2000 ) ; thus, the observed signifi cant seasonal increases in APX suggest an increase in oxidative stress as water became more limiting. The function of GR is to maintain the redox status of the glutathione pool within plant cells, and although GR plays a role in the ascorbate-glutathione pathway ( Asada, 2000 ) , the different responses observed in this study suggest that these enzymes are regulated differently in response to seasonal drought in Clarkia . It is possible that the changes in GR activity refl ect alterations in redox signaling that occur independently of ROS scavenging ( Noctor et al., 2014 ) .
Causes of physiological change: Phenotypic plasticity or senescence? -One question arising from our results is whether the observed seasonal changes in physiological performance refl ect proximate (i.e., phenotypically plastic) responses to deteriorating environmental conditions, a genetically determined program of senescence, or an interaction between the two (with environmental conditions infl uencing the timing and/or speed of senescence). Our experiments were not designed to distinguish between these possibilities, although the patterns in the data do give some hints. First, it is clear that all three gas exchange variables ( A, g , and E ) are sensitive to environmental conditions. On a broad scale, there were signifi cant differences between years in the mean values of these variables measured early in the season, with higher values being recorded in 2010 ( Figs. 3C-E ) , when temperatures were lower ( Fig. 1 ) , precipitation was higher ( Fig. 2 ) , and predawn water potentials were less negative ( Fig. 3A ) . On a narrower time scale, there were signifi cant effects of PC1 (an index of ambient air temperature and humidity) on individual plant gas exchange variables when both were measured among plants at the same developmental stage ( Table 4 , Fig. 4 ) .
Second, the fact that the magnitude of the physiological changes differed between years suggests that environmental conditions played at least a partial role in the seasonal change. If changes in physiological performance were due primarily to senescence, then the timing and/or speed of senescence must have been infl uenced by year-to-year variation in environmental conditions, rather than being entirely genetically determined. Ultimately, though, the degree of phenotypic plasticity in senescence can only be determined by manipulative experiments, such as supplemental watering or comparing of cohorts differing in age under the same seasonal conditions ( Roach, 2003 ) .
Regardless of whether the seasonal changes in the physiological performance of xantiana reported here represent a direct response to changing environmental conditions or genetically programmed senescence, these fi ndings are consistent with the assumptions of the drought escape hypothesis. In the fi rst scenario, reductions in photosynthetic rate (and therefore lifetime fi tness) due to seasonally deteriorating environmental conditions should lead to direct selection for an accelerated life cycle. In the second scenario, to the extent that senescence (and its associated physiological deterioration) has a genetic component, it is likely to have evolved under the infl uence of stabilizing selection, with the timing of its onset becoming adapted to average seasonal conditions. In such a situation, selection should favor plants whose life cycle is timed to minimize exposure to intense late-season drought. Drought would thus act as an ultimate driver of selection for an accelerated life cycle (through its infl uence on the timing of senescence) rather than as a proximate cause (through its direct infl uence on gas exchange physiology).
Abiotic stress and the evolution of selfi ng: Testing the assumptions of the drought escape hypothesis -The drought escape hypothesis for the evolution of autogamous selfi ng in plants rests on four assumptions: (1) seasonal environmental changes cause increasing drought and water stress, (2) increased water stress causes a decline in fi tness-related physiological performance (relative to what would be possible under more benign conditions), (3) declines in fi tness-related physiological performance result in selection for an accelerated life cycle, and (4) selection for an accelerated life cycle or earlier fl owering results in the evolution of higher rates of autogamous selfi ng. At least three mechanisms could cause such an evolutionary change. First, autogamy itself might accelerate the life cycle by shortening the time between ovule maturation and seed set ( Aarssen, 2000 ; Snell and Aarssen, 2005 ) . Second, fl oral traits that accelerate development rate might result in lower dichogamy or herkogamy, thereby increasing autogamous selfi ng ( Guerrant, 1989 ; Aarssen, 2000 ; Mazer et al., 2004 ) . Third, early or rapid fl owering (at the whole plant level) might be genetically correlated with fl oral traits that promote autogamy. Dudley et al., (2007) provided indirect evidence for the latter possibility; greenhouseraised maternal families of C. xantiana subsp. xantiana and C. unguiculata that flowered relatively early exhibited fasterdeveloping fl owers than later-fl owering families, and families with faster-developing fl owers were signifi cantly less dichogamous than those with slow-developing fl owers. The present study provides support for the fi rst and second assumptions.
The possibility that abiotic stress contributed to the evolutionary transition from outcrossing to autogamous selfi ng in C. xantiana was initially suggested by Moore and Lewis (1965) who reported differences between xantiana and its selfi ng sister subspecies parvifl ora in fl ower size, herkogamy, and fl owering phenology. They proposed that autogamous selfi ng evolved in the easternmost part of the range of C. xantiana (in populations currently classifi ed as parvifl ora ), where particularly intense seasonal drought shortens the growing season and where selection likely favored early fl owering and rapid completion of the life cycle. In support of this inference, subsequent investigations have yielded evidence that xantiana experiences more extreme water shortages at its eastern range margin, where relatively low midday stem water potentials are associated with reduced fi tness ( Eckhart et al., 2004 ( Eckhart et al., , 2010 .
More recent comparative studies of selfi ng and outcrossing relatives also shed light on the potential for drought stress to promote the evolution of selfi ng. If accelerated growth or earlier fl owering and rapid reproduction through self-fertilization are the result of adaptive evolution in response to intense seasonal drought, then selfers and outcrossers should exhibit predictable differences in life history and ecophysiological traits. In Clarkia, consistent with the hypothesis that selfi ng evolved in response to drought stress, the selfer C. exilis fl owers earlier in the season (when conditions are comparatively cool and moist), completes its life cycle more rapidly, and has faster rates of photosynthesis and transpiration than its outcrossing sister species, C. unguiculata ( Mazer et al., 2010 ; Dudley et al., 2012 ) . Similar differences in gas exchange physiology have also been reported between xantiana and parvifl ora ( Mazer et al., 2010 ) .
Other comparative studies have explored the hypothesis that seasonal drought promotes the evolution of selfi ng Wu et al., 2010 ; Ivey and Carr, 2012 ) . For example, Wu et al. (2010) compared seed production following hand pollination between closely related selfi ng and outcrossing Mimulus species grown in well-watered vs. drought conditions. Under drought conditions, M. guttatus , an outcrosser, failed to produce seeds. By contrast, M. nasutus, a selfi ng species that develops more rapidly and fl owers earlier than M. guttatus , produced seeds in both well-watered and drought environments. The study of Wu et al. (2010) study suggests that the accelerated reproduction exhibited by some selfi ng taxa enables persistence in habitats prone to drought.
More recently, phenotypic selection on ecophysiological and life history traits has been compared between selfi ng and outcrossing congeners to test the drought escape hypothesis ( Dudley et al., 2012 ; Ivey and Carr, 2012 ) . If differences in these traits between selfi ng and outcrossing relatives are adaptive, then the magnitude and direction of natural selection on these traits should refl ect species divergence (given suffi cient trait variation within populations). Dudley et al. (2012) detected stronger positive directional selection on photosynthetic rates in C. exilis than its outcrossing, sister species C. unguiculata, consistent with the interpretation that both rapid physiological rates and selfi ng in C. exilis evolved in response to drought stress. In a greenhouse study of the outcrossing Mimulus guttatus and the highly autogamous M. nasutus cultivated in wet vs. dry soil, Ivey and Carr (2012) reported that selection favored early fl owering in both species, potentially contributing to drought escape. They also suggest that the stronger plastic responses of M. nasutus to water stress may have contributed to the divergence between these closely related species. The lack of additional studies highlights the importance of testing the drought escape hypothesis in multiple taxa over multiple growing seasons before conclusions can be drawn.
Conclusions -Closely related selfi ng and outcrossing taxa exhibit common differences in fl oral and life history traits. The Clarkia sister taxa studied to date differ strikingly with respect to life history and physiological performance in a manner consistent with the hypothesis that the rapid onset of seasonal drought each spring played a role in their evolutionary divergence. The present study identifi ed environmental conditions and changes in fi tness-related plant physiological performance that are consistent with the assumptions of the drought escape hypothesis, at least in one of two years evaluated. The withinyear seasonal changes in performance may have been due to direct, plastic responses to decreasing water availability and increasing rates of evaporative water loss or due to environmentally induced senescence. In either case, selection should favor an accelerated life cycle if rapid development or early fl owering allows more ovules to be fertilized and more seeds to complete development. One fi nal test of the drought escape hypothesis requires estimating the shape of the fi tness function for life history traits within populations; these analyses are underway.
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